M olecular chaperones maintain a functional proteome in the cell by preventing the aggregation of unfolded proteins, assisting with their folding or disassembling aggregates (1) (2) (3) (4) (5) (6) . Nascent polypeptide chains emerging from the exit channel of the ribosome expose long hydrophobic regions that are particularly prone to misfolding and aggregation (7) (8) (9) . The bacterial trigger factor (TF) (10) binds next to the exit channel of the ribosome (11) (12) (13) (14) (15) and directly interacts with the emerging nascent polypeptide (16) (17) (18) (19) . With an estimated cellular concentration of~50 mM (20) , TF is one of the most abundant proteins in bacteria. TF prevents the aggregation and premature folding of nascent polypeptides and unfolded proteins in vivo and in vitro, likely by interacting with exposed hydrophobic regions, thereby shielding them from the solvent (18, (21) (22) (23) . Long polypeptides (>20 kD), which are the preferred clients for TF in vivo (24, 25) , require multiple TF molecules for their protection. TF remains bound to the unfolded polypeptide even after having departed the ribosome (18, 21, 22, 26) . TF reduces the speed of folding, thereby increasing the yield of biologically active proteins (21, (27) (28) (29) . TF was shown to have both a weak holdase and an unfoldase activity (30) . Deletion of the TF gene results in the aggregation of many proteins (25) and the stimulation of heat shock response (31) (32) (33) . Following its interaction with TF, the unfolded polypeptide folds by dissociating, interacting with foldase chaperones such as Hsp70 and GroEL, or enters the posttranslational secretory pathway to interact with the Sec machinery (2, 3, 5, (34) (35) (36) .
Despite the importance of chaperone binding to unfolded proteins, the structural basis of this interaction remains poorly understood. The scarcity of structural data on complexes between chaperones and unfolded proteins is primarily due to technical challenges associated with the size and dynamic nature of these complexes (37) (38) (39) (40) (41) (42) . We have exploited recent advances in nuclear magnetic resonance (NMR) and isotope labeling approaches (43) (44) (45) (46) (47) (48) to characterize the dynamic binding of unfolded PhoA to TF and to determine the solution structure of the PhoA captured in an extended, unfolded state by three TF molecules.
NMR of TF Chaperone and Unfolded PhoA
Escherichia coli TF consists of 432 amino acids, comprising the ribosome-binding domain (RBD; residues 1 to 112), the peptidyl prolyl isomerase domain (PPD; residues 150 to 246), and a discontinuous C-terminal domain, positioned structurally between the RBD and PPD (12) , which, on the basis of the current and previous findings (49, 50) , we refer to as the substrate-binding domain (SBD; residues 113 to 149 and 247 to 432) ( Fig. 1A and  fig. S1 , A and B). Unliganded TF in solution forms a dimer (27) C-correlated NMR spectra of methyl-bearing (Ala, Ile, Met, Leu, Thr, and Val) and aromatic (Phe, Trp, and Tyr) residues of TF is high (figs. S2B and S4). By exploiting the modular structural architecture of TF (52, 53) , we have obtained near-complete assignment of TF (see the Materials and Methods section).
E. coli alkaline phosphatase (PhoA) is an~50-kD (471 amino acid residues) periplasmic enzyme that requires oxidizing conditions for folding, as do several other periplasmic proteins (54) . PhoA was shown biochemically to be in an unfolded and thus degradation-prone state in the reducing environment of the cytosol (54) (55) (56) and to interact extensively with TF (57, 58) . The NMR spectra of PhoA, as well as relaxation experiments, confirmed that PhoA is unfolded under reducing conditions (figs. S5, B and C, and S6). Assessment of the presence of secondary structure by NMR (59) revealed pervasive random-coil and extended-like conformations, although several of the regions that formed a stable secondary structure in the folded PhoA retained a fraction of their fold in unfolded PhoA (Fig. 2, A and B) .
The NMR spectra of unfolded proteins typically show very narrow chemical shift dispersion (60) . To simplify NMR characterization of unfolded PhoA, which is a large protein by NMR standards, we generated a number of PhoA fragments of varying length that spanned its entire sequence (see Materials and Methods). Superposition of the NMR spectra of any of the PhoA fragments with the NMR spectra of the full-length PhoA demonstrated excellent resonance correspondence ( fig.  S5D ). This is expected because each of these fragments is unfolded, as is the full-length PhoA, and thus, the conformational properties of the isolated fragments recapitulate those of the full-length PhoA. Near-complete assignment has been obtained for full-length PhoA.
Interaction Between TF and PhoA
To determine the residues of unfolded PhoA that are recognized and bound by TF, we monitored by NMR the binding of isotopically labeled PhoA by unlabeled TF ( fig. S7 ). In addition to full-length PhoA, several PhoA fragments were used to enhance spectral resolution ( fig. S7A ). Differential line broadening analysis (61) showed that only a relatively small number of residues (~130 of the 471) in PhoA are recognized and bound by TF (Fig. 2C ). There are in total seven distinct TF-binding regions in PhoA (labeled using lowercase letters a through g), with lengths ranging from~8 to~40 residues ( Fig. 2C and fig. S8A ). Analysis of the primary sequence of the TF-binding sites showed that they are enriched in hydrophobic and especially aromatic residues (figs. S8, B and C, and S9), in agreement with previous studies (18, 62) . Notably, there seems to be a correlation between the hydrophobicity of the PhoA sequence and the binding preference by TF (Fig. 2C) .
To identify the sites that TF uses to interact with PhoA, we monitored by NMR the binding of full-length PhoA as well as select PhoA fragments comprising TF-binding sites to labeled TF (figs. S2, C and D, and S10). The combined data demonstrated that TF uses four distinct sites to interact with PhoA (labeled using uppercase letters; A through D). Three of these sites (A, B, and C) are located in the SBD (Fig. 1A) , in agreement with previous data indicating this domain as being the central chaperone module (49, 50) . The fourth binding site (labeled D) is located in the PPD and overlaps with its catalytic site (Fig. 1B) . All sites are composed primarily of hydrophobic residues (Fig. 1, B (fig. S11 ). The substrate-binding sites are the best-conserved regions in TF, along with the region in the RBD that binds to the ribosome (Fig.  1D and fig. S12 ). Residues located in the identified substrate-binding sites were previously reported to cross-link to the emerging nascent chain when TF is bound to the ribosome (49, 50) . Although the RBD surface is very hydrophobic, our data show that this domain does not interact with the protein substrates (Fig. 1A and fig. S11 ). In contrast, the RBD was seen to cross-link to nascent chains in ribosome-bound TF (49, 50) . This discrepancy may be due to the physical proximity of the RBD to the exit channel of the ribosome, or RBD may undergo conformational change upon interacting with the ribosome that enables its interaction with the nascent polypeptide (13, 18) .
The crystal structure of free TF (12) shows that the identified substrate-binding sites (A to D) consist almost exclusively of nonpolar residues (Fig. 1C) . Sites A, B, and C are enriched with methyl-bearing residues, and site D is enriched with aromatic residues (Fig. 1B) . Thus, the use of hydrophobic sites to interact with unfolded client proteins is shared among several molecular chaperones, such as GroEL, Skp, Hsp40, and Hsp90 (63, 64) . Sites A and B are located inside the cradlelike structure formed by the RBD and SBD, with A located at the base of the cradle and B located at the tip of arm 2 (Fig. 1A) . Site C forms a rather elongated ridge near the b sheet that connects the SBD and PPD. Sites A, B, C, and D expose~530,  680,~460, and~650 Å   2 , respectively, of hydrophobic surface, thus providing combined up to~2300 Å 2 of solvent-exposed nonpolar surface available for binding of protein substrates. The four TF sites extend over a distance of more than 90 Å.
Mode of Binding Between TF and PhoA
We characterized by NMR and isothermal titration calorimetry (ITC) the binding and energetics of each of the PhoA sites, individually and in combination to TF. Both chemical shift and intermolecular TF-PhoA nuclear Overhauser effect (NOE) measurements were used to monitor the interaction at the residue level. Starting from the N terminus, the first PhoA region to interact with TF is site a (Figs. 2C and 3A) . Chemical shift perturbation as well as intermolecular TF-PhoA NOEs (fig. S13) clearly indicated that PhoA site a can interact with all four of the binding sites in TF with a moderate affinity (K d~2 5 mM; A and B (on the basis of chemical shift perturbation, subsite c 1 appears to bind to TF site C, but no intermolecular NOEs were detected, indicating a rather transient interaction; Fig. 3D ). PhoA subsite c 2 (the middle region of site c; Fig. 3A ) interacts exclusively with TF site A (Fig. 3E) . The binding to TF of a PhoA fragment consisting of subsites c 1 and c 2 is determined by the combined binding preferences of the subsites (Fig. 3F) . The PhoA c 1 -c 2 fragment binds to TF with higher affinity than the subsites c 1 and c 2 individually because of avidity (Fig. 3, D to F) . Notably, the complete PhoA site c (consisting of subsites c 1 , c 2 , and c 3 ) binds to TF in a specific orientation and arrangement: PhoA subsite c 1 binds to TF site B, subsite c 2 binds to TF site A, and subsite c 3 binds to TF site C, as demonstrated by the measurement of a unique set of characteristic intermolecular NOEs between the TF sites and the PhoA subsites (Fig. 3G) . PhoA site c binds only to TF sites A, B, and C in the SBD, and with higher affinity (K d~1 0 mM) than PhoA site a or b. Thus, PhoA sites a and b can only interact with TF site D in the context of the PhoA a-c fragment (superscript denotes the TFbinding sites that the PhoA fragment contains). Because PhoA site a binds with much higher affinity to TF than PhoA site b (Fig. 3 , B and C), in the TF-PhoA a-c complex, PhoA site a binds to TF site D, whereas PhoA site b does not interact at all with TF (Fig. 3H) . The affinity of PhoA a-c for TF (K d~2 mM; fig. S14 ) is higher than any of the other PhoA sites.
The results clearly show that although some PhoA sites (for example, sites a and b) bind S12 ).
promiscuously to all TF sites, other PhoA sites (for example, subsite c 1 ) are more selective and some sites (for example, subsite c 2 ) appear to interact exclusively with specific sites in TF. Therefore, the binding mode of a multisite PhoA fragment to TF will be determined by the combined preferences of the sites (Fig. 3H) . Together, the data demonstrate that the interaction of TF and PhoA is dynamic and is best described by a rugged free energy landscape: the various binding interactions shown in panels (B) to (G) of Fig. 3 do not maximize the binding interface and correspond to the higher-energy wells, whereas the maximumcontact arrangement shown in Fig. 3H corresponds to the ground-state, lowest-energy conformation of the complex in which a unique arrangement of the chaperone and the substrate is observed experimentally (Fig. 3H) .
The NMR data showed that one TF molecule can accommodate a PhoA fragment encompassing TF-binding sites a to c (PhoA a-c ) ( Fig. 3 and figs. S14 and S15). Under stoichiometric conditions, the use of a longer PhoA fragment that included site d (PhoA the N-terminal region of PhoA, we found that a second TF molecule is required to fully engage PhoA sites d and e (fragment PhoA
) and a third TF molecule to fully interact with PhoA sites f and g (fragment PhoA S17D ). In contrast, two binding arrangements were observed for the TF-PhoA f-g complex as shown in fig. S17G , but with one of them being the preferred one (populated by more than 70% of the time) (Fig. 4A) .
NMR titration experiments showed that three TF molecules are required to bind to all of the seven TF-binding sites in full-length PhoA ( 
Dynamic Engagement of PhoA by TF
Rapid binding and release of unfolded proteins by molecular chaperones is likely important for a productive assisted-folding process (5). To determine the kinetics of PhoA binding to TF, we used NMR relaxation dispersion (65, 66) . This powerful technique allows characterization of the dynamic interaction of protein complexes at the residue level. In the case of the interaction between TF and PhoA, the kinetics are as follows:
where k on and k off are the association and dissociation rate constants, respectively. The exchange rate constant, k ex , of complex formation is given by k ex = k on [PhoA] + k off , where [PhoA] is the concentration of unbound PhoA. We have used 15 N relaxation dispersion experiments (67, 68) to determine the k ex , and thus k on , k off , and the residence time t (=1/k off ) (69, 70) , of PhoA binding to TF (Fig. 3I) . The data show that individual PhoA sites, such as a and d, interact rapidly with TF, and they stay bound to TF only for a very limited time (t~1 ms). As expected, the binding of larger PhoA fragments such as PhoA a-c or PhoA
, which bind to TF with much higher affinity (Fig. 3A) , results in increased complex lifetimes. However, even in these cases, the kinetics remain fast with the residence time being only~20 ms at 22°C (Fig. 3K ). The data are consistent with previous findings reporting similar rapid kinetics for the binding of TF to protein substrates (71 ) rates, as determined by relaxation dispersion.
Structural Basis for the Formation of the TF-PhoA Complex
The three TF molecules in complex with PhoA ( Fig. 4A ) are linked by long (~80 to 90 amino acids), flexible regions of PhoA that are not bound by TF. Thus, the three PhoA-bound TF molecules tumble and behave as independent entities, corroborated by NMR data of the full-length PhoA in complex with three TF molecules (figs. S7A and S15). We thus determined the high-resolution structure of each of the three complexes (TF-PhoA In each case, the structure determined by NMR corresponded to the ground-state, lowest-energy structure. A large number of intermolecular NOEs were collected because of the large interacting surface between TF and PhoA and the high sensitivity provided by the methyl-bearing and aromatic residues of the NMR spectra. The structure and NMR statistics are listed in table S1. Resonance dispersion of PhoA increases markedly in its complexes with TF (fig. S10, A and B) owing to the intimate contacts between the two proteins, thus enabling complete resonance assignment and structure characterization of PhoA.
PhoA binding to TF results in TF monomerization, as demonstrated by multiangle light scattering (MALS) and NMR experiments (figs. S1, C to E, and S18). The data further showed that the putative dimeric interface in TF is dynamic and suggested that substrate-binding regions are partially buried at the dimeric interface (figs. S18A and S19), in agreement with biochemical data (49) . Thus, full engagement of the unfolded substrate by TF requires monomerization of the chaperone.
Structure determination of the TF-PhoA a-c complex shows that PhoA a-c binds simultaneously to all four substrate-binding sites, A to D, in TF (Fig. 4, A and B) , confirming the initial binding experiments (Fig. 3H) . Specifically, PhoA site a, which is~10 residues long, binds to TF site D located in the PPD, whereas the much longer PhoA site c (~40 residues long) binds to all three TF sites located in the SBD (A, B, and C) (Fig. 4, A and B) . Other than the regions encompassing the binding sites a and c, all other regions in PhoA a-c remain flexible in the complex ( fig. S15 ).
PhoA site a uses exclusively nonpolar residues consisting primarily of a cluster of Leu residues to interact through intimate van der Waals contacts with a hydrophobic cluster in TF site D consisting primarily of aromatic residues (Fig. 4B, left) . Formation of this subcomplex buries a total of~1340 Å 2 of nonpolar surface and~410 Å 2 of polar surface. Following T16 in PhoA site a, the next to contact TF is F94, the first residue of PhoA site c. PhoA site c spans~40 residues (F94-W131) and binds to all three TF sites in the SBD (Fig. 4, A and B) . PhoA site c traverses the entire SBD and binds to TF sites B, A, and C using its subsites c ) is anchored at the tip of arm 2 of the SBD by docking two of its hydrophobic residues, F94 and I97, deep into a hydrophobic pocket formed by TF residues of site B (Fig. 4B, right) . Then, using both nonpolar and polar contacts, PhoA twists around the SBD arm 2 to interact with TF site A (via subsite c 2 ) through contacts involving several aromatic residues. Whereas TF sites A and B are located next to each other, TF site C is located on the other end of the SBD (Fig. 1A) . PhoA reaches site C by stretching an~10-residue-long region (G116-A125) that appears to interact only transiently with TF. The interaction between PhoA site c (via subsite c 3 ) and TF site C is again mediated primarily by nonpolar contacts, with the most prominent being the docking of PhoAW131 into a hydrophobic pocket formed by several residues of TF site C (Fig. 4B) . Although the vast majority of the contacts between the TF SBD and PhoA site c are mediated by hydrophobic residues, several key hydrogen bonds are also present throughout the complex (Fig. 4B and fig. S20 ). The structure of the TF-PhoA a-c complex shows that a total of about 40 to 50 residues of an unfolded client protein can directly interact with the four sites of TF.
A second TF molecule binds to the middle region of PhoA, consisting of sites d and e (Fig. 4A  and fig. S17D ). The K d of the TF-PhoA d-e complex is~4 mM (Fig. 3A and fig. S14 ), similar to that of the TF-PhoA a-c complex. Structure determination of the TF-PhoA d-e complex showed that TF recognizes and interacts with the PhoA d-e region in a similar way as with the PhoA a-c region. The PPD (site D) binds PhoA site d (residues K231-W242) through predominantly nonpolar contacts (Fig. 4C) . When compared to PPD-PhoA a (Fig. 4B) , two distinct features of the PPD-PhoA d subcomplex are, first, that PhoA site d extends over a larger surface, thereby engaging additional PPD residues (for example, T165 and V186), and, second, that recognition of PhoA site d is enhanced by three favorable hydrogen bonds (Fig. 4C) . (Fig. 4, A and C,  right) . Recognition of PhoA site e by the TF SBD is mediated predominantly by nonpolar contacts, but several key hydrogen bonds are also present (Fig.  4C and fig. S21 ). Complex formation between the TF SBD and PhoA site e buries a total surface of 3460 Å 2 , with~2410 Å 2 consisting of nonpolar residues and~1050 Å 2 consisting of polar residues. The third TF molecule binds to the C-terminal region of PhoA, consisting of sites f and g (Fig. 4A  and fig. S17G ). The K d of the TF-PhoA f-g complex is~14 mM (Fig. 3A and fig. S14 ), the weakest among the three complexes. Structure determination of the TF-PhoA f-g complex (the structure of the major conformation out of the possible two was determined; fig. S17G ) confirmed that the PPD interacts with PhoA region f, and the SBD with PhoA region g (Fig. 4, A and D, and fig.  S22 ). PhoA region f (residues N383-V388) consisting of only seven residues is the shortest region within PhoA that is recognized and bound by TF (Fig. 2C and fig. S8A ). Despite its short length, the nonpolar surfaces between PhoA site f and PPD are well juxtaposed, further enhanced by a hydrogen bond, thereby providing sufficient affinity for the formation of a stable complex (Fig. 4D) ) is recognized by the TF SBD. In contrast to PhoA sites c and e, which both interact with all three TF sites in the SBD (Fig. 4 , B and C), PhoA site g interacts primarily with TF sites A and B (Fig. 4, A and D,  and fig. S17G ). PhoA residues Arg 440 -Tyr 444 (subsite g 1 ) interact with TF site B, and PhoA residues L460-L468 (subsite g 2 ) bind to TF site A (Fig. 4D  and fig. S17G ). Other than PhoA H447, which forms a bifurcated hydrogen bond with two TF residues (D312 and S309) located in arm 1 of the (Fig. 4D) .
Complex formation between the SBD and PhoA site g buries~2670 Å 2 of surface (~1840 Å 2 nonpolar and~830 Å 2 polar), substantially less than the SBD complexes with PhoA sites c and e, which likely explains the lower affinity of the TF-PhoA f-g complex ( fig. S14 ).
Amino acid substitutions at the substrate-binding sites in TF resulted in a significant decrease in the affinity for PhoA and a marked decrease of its antiaggregation activity (Fig. 5 and fig. S23 ).
Recognition of Unfolded PhoA by TF An important question that remains largely unaddressed is how molecular chaperones recognize unfolded proteins. A common feature shared among molecular chaperones appears to be their interaction with exposed hydrophobic segments of the substrate proteins (5). The structural data of TF in complex with PhoA show that TF has a preference for stretches of residues with increased hydrophobicity (Fig. 2C) , especially for aromatic residues (Trp, Phe, and Tyr), as well as for large hydrophobic amino acids such as Ile and Leu ( fig. S8C ). His and Thr residues are also favored ( fig. S8C ), presumably because they can form both nonpolar and polar contacts. Although there seems to be a good correlation between the sequence hydrophobicity of the substrate protein and its binding preference by TF (Fig. 2C) , there are long stretches of hydrophobic residues in PhoA (for example, residues 155 to 185) that are not recognized by TF. This may be due to the complete absence of aromatic residues in this region. The strong preference of TF for aromatic residues may also explain the stronger association of TF with outer membrane proteins (25) , which are typically enriched in aromatic residues.
The structural data of the three TF molecules in complex with different regions of PhoA (Fig. 4) provide insight into how the same binding sites within a molecular chaperone can recognize and interact with a large number of substrates with unrelated primary sequences. Superposition of the three structures of the TF SBD shows that the binding mode is distinct in the three complexes ( Fig. 6 and fig. S24A ). The structural data suggest that the two arms of TF are rather dynamic, giving rise to a variable width of the binding crevice in the SBD (fig. S24B ), in agreement with NMR dynamic analysis (53) . In addition, there is notable conformational rearrangement of the side chains in the SBD substrate-binding sites among the three TF complexes with PhoA ( Fig. 6E and fig. S24, C  and D) . Structural analysis of the complexes of the TF SBD with PhoA sites c, e, and g indicated some common binding and recognition patterns (Fig. 6, A to C) . For example, TF site B recognizes bulky hydrophobic residues in PhoA that appear to bind to two hydrophobic pockets in TF site B (Fig. 6B) . Similarly, there seems to be a pattern, albeit weaker, of bulky and small hydrophobic PhoA residues binding in TF sites A and C (Fig. 6 , A and C). A great degree of plasticity is also present in the PPD. For example, PhoA site f forms a hairpin-like structure when bound to the PPD, whereas PhoA site d binds in an extended conformation ( fig. S24, A and F) . To accommodate the different PhoA sequences, the residues that make up the PPD binding site appear to undergo significant conformational rearrangement upon complex formation (Fig. 6F) .
Structural Basis for the Antiaggregation and Unfoldase Activity of TF To understand how TF prevents the aggregation of unfolded proteins, we used an aggregationprone MBP variant as a substrate (Fig. 7A) . Such MBP variants have been extensively used as model systems for studying the effect of chaperones on protein aggregation (72) (73) (74) ) is produced in inclusion bodies in the cell (75) and has a high tendency to aggregate in solution (76) . NMR spectra show that purified MBP mut is folded (Fig. 7B,  right, and fig. S25A ), in agreement with biochemical (75) and crystallographic (77) data. However, MBP mut suffers heavy aggregation and precipitation at higher temperatures (above 30°C). Notably, in the presence of TF, MBP mut remains soluble and folded even at temperatures as high as 50°C ( fig. S25B) .
How does TF prevent aggregation of MBP mut ? NMR titration experiments performed at 22°C (Fig. 7B, right, and fig. S25 , A and C) show that TF does not interact with the folded state of MBP mut . However, titration of MBP mut to labeled TF at temperatures where MBP mut is prone to aggregation (for example, 38°C) resulted in substantial chemical shift perturbation, indicating complex formation (Fig. 7B, left, and fig. S25, D and E) . Thus, unfolded MBP mut is recognized and engaged by TF. In support of this conclusion, titration of Time (s) 
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WT to TF showed no sign of complex formation even at 38°C (fig. S25F) . Because of the large difference in their free energy of folding (DDG f 4 kcal mol
, Fig. 7A ), the unfolded state will be significantly more populated in MBP mut than in MBP WT at elevated temperatures. NMR analysis ( fig. S25, D and E) showed that TF uses all of the possible substrate binding sites to interact with the unfolded state of MBP mut ( Fig. 7A and  fig. S11C ). Together, the results show that multivalent binding between TF and the unfolded state of MBP mut shields and protects the unfolded state from the solvent and results in the prevention of its aggregation (Fig. 7A) .
Although TF binds to the unfolded state of MBP mut , the NMR spectra show that TF cannot unfold the protein even at temperatures as high as 50°C ( fig. S25B ). Because TF lacks adenosine triphosphatase activity, it could, in principle, unfold protein substrates only if the free energy of binding (DG b ) of the substrate's unfolded state for TF is much larger than the substrate's intrinsic energy for folding (Fig. 7A) . The intrinsic affinity of TF for unfolded substrates is relatively low (DG b -7.5 kcal mol
; fig. S14 ), and thus, it is expected to unfold only marginally stable proteins.
However, the interaction of ribosome-bound TF with the nascent polypeptide is very strong because of their colocalization (78) . When MBP mut was fused to TF, it was completely unfolded as demonstrated by the disappearance of resonances corresponding to residues located in folded regions and the appearance of resonances in the so-called random-coil region (Fig. 7C) . NMR analysis showed that TF makes use of all of its substrate-binding sites to interact and unfold MBP mut (Fig. 7A) . Of particular note, maltose binding to MBP mut confers stability (79) and prevents its unfolding by TF (Fig. 7C, right) . These results are in excellent agreement with elegant biochemical data indicating that TF has a negligible unfoldase activity when free in solution but a strong unfoldase activity when bound to the ribosome (30) .
Discussion
The TF molecular chaperone engages its unfolded substrate (PhoA) in a highly dynamic manner, giving rise to a rugged free energy landscape (Fig. 3H) . It is expected that the features of the binding energy landscape will vary among the various molecular chaperones and even among different substrates binding to the same chaperone. In the case of PhoA binding to TF, we observed a gradual increase in binding affinity as the length of the engaged PhoA increased until all four of the binding sites in TF were fully occupied (Fig. 3 and fig.  S17 ). Because of the topology of the TF-binding sites in PhoA, the selectivity of some of the PhoA sites for specific TF sites (Fig. 3 and fig. S17 ), and the observed synergistic binding among PhoA sites close to each other (Fig. 3 and fig. S16 ), the lowest-energy complexes between TF and the three PhoA regions were experimentally observed to exist in one predominant conformation (Fig. 4A and  fig. S17, D and G) . Notably, the observed binding avidity of the PhoA sites and subsites is relatively weak (Fig. 3 and fig. S17 ). This is probably because the linker tethering the (sub)sites remains dynamic even in complex with TF, thus allowing for somewhat independent binding of the PhoA sites. The observed weak synergistic binding may be crucial in enabling a dynamic binding and release of the unfolded protein substrate from the chaperone (Fig. 3K) .
The excellent quality of the NMR spectra enabled the high-resolution structure determination for each one of the three TF molecules in complex with different regions of PhoA (Fig. 4) . Analysis of the structures suggests that the plasticity of the substrate-binding sites in TF, combined with the presence of numerous small hydrophobic pockets on the binding surface and the decoration of these sites by polar residues that can form hydrogen bonds (Fig. 6) , is important for the promiscuous recognition of multiple substrate sequences by TF. TF presents a multivalent binding surface to its protein substrate, which binds to TF using several distinct regions. This mechanism of binding presents several advantages because it enables chaperones to function as holdases and unfoldases by exerting forces to retain proteins in the unfolded state, and at the same time protect them from aggregation by shielding their exposed hydrophobic regions. Impairment of the substrate-binding sites in TF results in significant reduction in TF's antiaggregation activity (Fig. 5) . Given the existence of multiple binding sites in other molecular chaperones (such as the GroEL), this may present a general mechanism for the action of molecular chaperones (80) (81) (82) .
TF appears to have a weak holdase and unfoldase activity in the cytosol but a very strong activity when colocalized with the protein substrate. Thus, in the cytosol, TF is apparently capable of rescuing folded proteins by transiently interacting with the aggregation-prone unfolded population of the substrate, without destabilizing the protein substrate (as seen with MBP mut ; Fig. 7, A and B,  and fig. S25B ). In contrast, when TF is bound to the ribosome, its strong holdase and unfoldase activity (Fig. 7C) will mean that TF can retain the nascent polypeptide in an unfolded state and even actively unfold transiently formed structures. Although PhoA has some fraction of secondary structure present in its unfolded state (Fig. 2, A and B) , these regions are devoid of any secondary structure when they are bound to TF (Fig. 4) . Together, the data demonstrate that binding of substrate proteins to TF may result not only in global unfolding of the substrate protein but also in melting of secondary structural elements.
The present structural data explain the observation that multiple TF molecules are required to bind to long nascent chains (18, 19, 25 ) because a single TF molecule can only accommodate a stretch of about 40 to 50 binding residues of the substrate protein. Moreover, the weak affinity of the first~70 residues of PhoA for TF, as well as the fact that the predicted TF-binding sites in a number of proteins known to bind strongly to TF (25) are located past the first~70 residues ( fig. S26) , is in agreement with ribosome profiling data (25) that nascent chains with more than~70 residues protruded from the ribosome exit channel are required for a stable complex with TF. Another interesting aspect of TF is its ability to bind and protect small folded proteins as a dimer (27) (fig.  S27 ). The ability of TF to act as a holdase and an unfoldase with unfolded proteins and to encapsulate folded proteins in its dimeric state highlights the versatility of this particular molecular chaperone and the multiple roles it may play in protein folding (83) .
Materials and Methods
Expression and Preparation of Proteins
The E. coli TF was cloned into the pCold vector (Takara Bio). The following TF constructs were prepared: the RBD (residues 1 to 117) and the SBD (residues 113-432D150-246) were cloned into pET16b vector (Novagen) and fused to His 6 -MBP, including a tobacco etch virus (TEV) protease cleavage site. The PPD (residues 148 to 249), SBD-PPD (residues 113 to 246), and RBD-SBD (1-432D150-243) were cloned into pCold vector (Takara Bio). TF mutants were constructed by sitedirected mutagenesis using PfuTurbo High Fidelity DNA polymerase (Agilent). All constructs were transformed into BL21(DE3) cells. The following E. coli PhoA constructs were prepared (residue numbers of the boundaries are in superscript): . All PhoA fragments were cloned into a pET16b vector and fused to His 6 -MBP, including a TEV protease cleavage site. E. coli MBP, MBP , and MBP G32D/I33P (75) were cloned into . The spectrum shown on the left was recorded at 38°C using labeled TF and unlabeled MBP mut , whereas the spectrum shown on the right was recorded at 22°C using the reverse labeling scheme. No interaction was observed at 22°C, where the unfolded population of MBP mut was negligible, whereas binding was observed at 38°C, where the unfolded population of MBP mut was appreciable. was induced by the addition of 0.01 mM IPTG at OD 600~0 .5, followed by 48 hours of incubation at 16°C. Cells were harvested at OD 600~1 .5 and resuspended in lysis buffer containing 50 mM tris-HCl (pH 8.0), 50 to 500 mM NaCl, 5 mM imidazole, and 1 mM b-mercaptoethanol (bME) (and 8 M urea in the case of PhoA fragments followed by 20-fold rapid dilution in lysis buffer). For OmpA, the cell pellet was resuspended in buffer containing 50 mM tris-HCl (pH 8.0), 500 mM NaCl, 5 mM imidazole, and 6 M guanidine hydrochloride and incubated for 1 hour at room temperature. Cells were disrupted by a high-pressure homogenizer or sonicator and centrifuged at 50,000g. Proteins were purified using Ni Sepharose 6 Fast Flow resin (GE Healthcare), followed by tag removal by TEV protease at 4°C (incubation for 16 hours) and gel filtration using Superdex 75 16/60 or 200 16/60 columns (GE Healthcare). OmpA was eluted with a solution containing 50 mM trisHCl (pH 8.0), 500 mM NaCl, 400 mM imidazole, and 6 M guanidine hydrochloride. The eluted protein was concentrated and diluted 20-fold by rapid dilution in the presence of TF or TF PPD-SBD in 20 mM potassium phosphate (pH 7.0), 100 mM KCl, 4 mM bME, 0.5 mM EDTA, 0.05% NaN 3 . Protein concentration was determined spectrophotometrically at 280 nm using the corresponding extinction coefficient.
MALS Experiments
Multiangle light scattering was measured using DAWN HELEOS-II (Wyatt Technology Corporation) downstream of a Shimadzu liquid chromatography system connected to a Superdex 200 10/300 GL (GE Healthcare) gel filtration column. The typical running buffer was 20 mM KPi (pH 7.0), 100 mM KCl, 4 mM bME, and 0.5 mM EDTA. Two hundred microliters of the sample with a concentration of 100 to 400 µM was injected. The data were analyzed with ASTRA version 6.0.5 (Wyatt Technology Corporation).
GAPDH Aggregation Assay
Aggregation of denatured GAPDH from rabbit muscle (Sigma, G-2267) was measured are described previously (84) . GAPDH (125 µM) was denatured by 3 M guanidine-HCl in 20 mM KPi (pH 7.0), 100 mM KCl, 4 mM bME, 0.5 mM EDTA, and 0.05% NaN 3 for 12 hours at 4°C. The denatured enzyme was diluted 50-fold in a buffer that does not contain guanidine-HCl, and aggregation was monitored by 90°light scattering at 620 nm on a spectrofluorometer (FluoroMax-4, Horiba) in the presence or absence of TF. The experiment was carried out at 20°C.
Substrate Binding Site Mutations in TF
To assess the effect of reducing the hydrophobicity of the substrate-binding sites of TF on its binding and antiaggregation activity, we sought to mutate the most prominent residues in each one of the binding sites located in the SBD (that is, sites A, B, and C). The following mutants were prepared: L306A, G348E, G352E, I355A (site A); M374A, Y378A, V384A, F387A (site B); M140E, L144A, F256A L266A, M274A, M428A (site C) as single or combined mutants. Although all of the mutants were expressed and purified in a soluble form, NMR characterization indicated that mutations other than the ones shown in fig. S23 are not well tolerated, with the mutated TF proteins showing signs of misfolding and aggregation.
ITC Experiments
Calorimetric titrations were carried out on an iTC200 microcalorimeter (GE Healthcare) at temperatures ranging from 8°to 25°C. All protein samples were extensively dialyzed against ITC buffer containing 20 mM potassium phosphate (pH 7.0), 100 mM KCl, and 1 mM tris(2-carboxyethyl)phosphine. All solutions were filtered using membrane filters (pore size, 0.45 µm) and thoroughly degassed for 20 min before the titrations. For the experiments performed on iTC200, the 200-µl sample cell was filled with~40 to 100 µM protein (TF or PhoA), and the 40-µl injection syringe was filled with 0.5 to 1 mM solution of protein (PhoA or TF). The titrations were carried out with a preliminary 0.2-µl injection, followed by 15 injections of 2.5 µl each with time intervals of 3 min. The solution was stirred at 1000 rpm. For the experiments performed on VP-ITC, the 1200-µl sample cell was filled with 40 to 100 µM protein (TF or PhoA), and the 250-µl injection syringe was filled with 0.5 to 1 mM solution of protein (PhoA or TF). The titrations were carried out with 30 injections of 10 µl each with time intervals of 5 min. The solution was stirred at 270 rpm. Data for the preliminary injection, which are affected by diffusion of the solution from and into the injection syringe during the initial equilibration period, were discarded. Binding isotherms were generated by plotting heats of reaction normalized by the modes of injectant versus the ratio of total injectant to total protein per injection. The data were fitted with Origin 7.0 (OriginLab Corporation).
NMR Spectroscopy
NMR samples are prepared in 20 mM KPi (pH 7.0), 100 mM KCl, 4 mM bME, 0.5 mM EDTA, 0.05% NaN 3 , and 7% 2 H 2 O. Protein concentration was 0.1 to 0.8 mM. NMR experiments were recorded on Agilent UNITY Inova 800 and 600 MHz NMR spectrometers and Bruker Avance III 600 and 700 MHz NMR spectrometers equipped with cryogenic probes. The experiments were run at 10°C for isolated PhoA samples, and at temperatures ranging from 18°to 50°C for the other samples. NMR spectra for the assignment and structure determination of the TF-PhoA complexes were recorded at 22°C. Spectra were processed using the NMRPipe program (85) , and data analysis was performed with Olivia (fermi.pharm.hokudai.ac. jp/olivia) and SPARKY software.
Binding affinities between TF and PhoA fragments were estimated using 1 H- 15 N heteronuclear single-quantum coherence (HSQC) titration experiments, where unlabeled PhoA was titrated into labeled TF. Titration curves were obtained by plotting chemical shift perturbations (Dd ppm ) against the molar ratio of PhoA and TF. Nonlinear least square fitting calculations were performed in GraphPad Prism (GraphPad Software), using the following equation: 13 C]-labeled amino acids were used. All precursors and amino acids were added to the culture 1 hour before the addition of IPTG, except Ala, which was added 30 min before induction (47) .
NMR Assignment of TF
The resonances of the full-length dimeric TF (~100 kD) were assigned by following a domainparsing approach enabled by the modular architecture of TF. The RBD (52), SBD (53) , and PPD are folded when isolated ( fig. S3B) . Overlay of the NMR spectra for each one of the domains with the spectra of the full-length TF indicated very good resonance correspondence for the SBD and PPD (figs. S2 to S4) but more significant chemical shift differences for the RBD (fig. S19) . About 70 to 80% of the assignment performed on the isolated domains could be transferred to the full-length TF. Near-complete assignment of TF was achieved by recording nuclear Overhauser effect spectroscopy (NOESY) in full-length TF to resolve ambiguities. In addition, TF SBD-PPD was prepared and fully characterized by NMR because this fragment is monomeric and contains all of the substrate binding sites. Backbone and side-chain resonances for the domains were assigned using standard tripleresonance NMR pulse sequences. Methyl side-chain and amide resonances for TF and large fragments were confirmed by recording the following NMR experiments [the standard version was used for isolated RBD and PPD and the TROSY (transverse relaxation optimized spectroscopy) version, where applicable, for TF SBD-PPD and TF]: threedimensional (3D) ( 
NMR Assignment of PhoA
Resonance assignment of full-length PhoA was accomplished by first assigning short PhoA fragments followed by assignment transfer. The backbone and side-chain resonances of the following PhoA fragments were fully assigned using standard tripleresonance experiments: PhoA , PhoA , PhoA , and PhoA 349-471 (the superscript denotes the amino acid residue boundaries of the fragment). Overlay of the spectra of these fragments with the spectra of full-length PhoA indicated excellent resonance correspondence ( fig. S5D ). This is expected because all of the fragments as well as the full-length PhoA are unfolded. Resonance assignment obtained for the various fragments was transferred to the full-length PhoA, and ambiguities were resolved by the use of 3D NMR spectra. Resonance assignment of PhoA in complex with TF was achieved by tracing the PhoA NMR signals as increasing amounts of unlabeled TF was titrated. Complex formation was on the fast time scale regime, allowing the monitoring of the chemical shift changes in a straightforward manner. Ambiguities were resolved by recording 3D NMR spectra. It should be noted that although resonance dispersion in unliganded PhoA is poor, complex formation with TF alleviates this problem (for the PhoA residues in the TF-binding regions) with the spectra being of high resolution (figs. S2, C and D, and S10).
Structure Determination
In the first step, we used a U- 12 C, 15 N-labeled sample that contained specifically protonated methyl groups of Ala, Val, Leu, Met, Thr, and Ile (d1) and protonated aromatic residues Phe, Tyr, and Trp in an otherwise deuterated background ( fig.  S4 ). The high sensitivity and resolution of the methyl region, combined with the high abundance of these eight amino acids in TF (~50% of TF residues), provided a large number of intra-and intermolecular TF-PhoA NOEs sufficient to yield an initial well-defined structure. The initial structure was used to guide the subsequent collection of a much larger number of NOEs, using 1 H, 13 Clabeled samples that resulted in further refinement to precise and accurate coordinates. In the second step, additional NMR restraints were collected for complexes between isolated SBD and PPD, as well as the entire chaperone module TF SBD-PPD , in complex with the corresponding PhoA regions ( fig. S10 ). NMR analysis demonstrated that the structures of the individual SBD and PPD in complex with PhoA are essentially identical to the structure of the full-length TF in complex with PhoA.
The initial structures of TF in complex with PhoAwere calculated with CYANA 3.0 (88), using NOE peak lists from 3D ( (89) to extract dihedral angles (ϕ and y). Assigned NOE restraints were then used in the second round of calculations using Xplor-NIH (90) consisting of two steps. In the first step, the orientation and coordinates of PhoA polypeptide were randomized and then annealed to TF using intermolecular NOEs. TF was kept rigid but PhoA was set as flexible. The best 200 structures were selected and further refined in the second step, where both TF and PhoA were set flexible. Because the RBD does not interact with PhoA, or any other tested unfolded substrate, the coordinates from the E. coli TF structure (PDB ID 1W26) were used to model RBD in the current structures. The RBD was held rigid during the entire structure calculation protocol. The structure of the main chaperone module, TF SBD-PPD , was determined using the NMR restraints in each one of the three complexes with PhoA a-c , PhoA d-e , and PhoA f-g . The structures were calculated and refined using all of the restraints, including intra-and intermolecular NOEs, dihedral restraints derived from TALOS+, and hydrogen bond restraints for amides located in helices as determined via NOEs and chemical shift information. Hydrogen bonds between TF and PhoA were assigned when satisfactory geometry was present in at least 70% of the conformers. The 20 lowest-energy structures were finally refined in explicit water with CNS (91).
NMR Relaxation Experiments
Three relaxation parameters were measured for backbone amides of full-length PhoA, as well as for PhoA Data sets were acquired as 100 × 1024 complex points in the t 1 × t 2 time-domain dimensions. Data points were fitted as a function of the length of the parametric relaxation delay to two-parameter decay curves of the form I(t) = I 0 e −Rt , where I is the peak intensity. To measure the exchange rate and the kinetics (k ex = k on [PhoA] + k off ) of complex formation between TF and PhoA, we used NMR relaxation dispersion experiments (65, 66) . An 15 N-Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence (67, 68) was used. Two-dimensional data sets were acquired as 100 × 1024 complex points in the t 1 × t 2 time-domain dimensions with a constant relaxation delay of 40 ms. Experiments were recorded at spectrometer frequencies of 600 and 700 MHz. NMR titration experiments showed that formation of all of the TF-PhoA complexes is fast on the NMR chemical shift time scale. k ex was measured by using the Carver-Richards equation (92) as applied for fast exchange processes between two sites. Exchange rates were first extracted independently for each residue with appreciable exchange contribution (R ex >5 Hz) for each one of the four binding sites in TF. The similarity of exchange rates extracted from fits of dispersion profiles on a per-residue basis for the four binding sites in TF indeed supports a two-site model of exchange (binding) even for the binding of the larger PhoA sites such as c and e. k on and k off rates were measured by fitting the relaxation dispersion data obtained for a set of experiments recorded using different PhoA concentrations. Data were analyzed using the programs CPMGFit (palmer.hs.columbia. edu/software/cpmgfit.html) and CPMG_fit provided by L. Kay (University of Toronto). TF SBD-PPD concentration for the relaxation dispersion experiments was~0.4 to 0.8 mM in the presence of substoichiometric (~5 to 15%) amount of the corresponding PhoA fragment. It should be noted that the exchange process detected and measured is the binding and release of PhoA from TF as opposed to conformational heterogeneity of PhoA while bound to TF. This is supported by the PhoA concentration-dependent k ex values we measured. fruitful discussions and comments. We thank M. T. 
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